The inflationary dynamics and preheating in a model with a non-minimally coupled inflaton field in the metric and Palatini formalisms are studied in this paper. We find that in both formalisms, irrespective of the initial conditions, our Universe will evolve into a slow-roll inflationary era and then the scalar field rolls into an oscillating phase. The value of the scalar field at the end of the inflation in the Palatini formalism is always larger than that in the metric one, which becomes more and more obvious with the increase of the absolute value of the coupling parameter |ξ|. During the preheating, we find that the inflaton quanta are produced explosively due to the parameter resonance and the growth of inflaton quanta will be terminated by the backreaction. With the increase of |ξ|, the resonance bands gradually close to the zero momentum (k = 0), and the structure of resonance changes and becomes broader and broader in the metric formalism, while, it remains to be narrow in the Palatini formalism. The energy transfer from the inflaton field to the fluctuation becomes more and more efficient with the increase of |ξ|, and in the metric formalism the growth of the efficiency of energy transfer is much faster than that in the Palatini formalism. Therefore, the inflation and preheating show different characteristics in different formalisms.
I. INTRODUCTION
After inflation ends, the inflaton field rolls into the minimum of its potential and oscillates around it. During the oscillation the energy of the inflaton field transforms into some light particles and the Universe is reheated [1] . However, the preliminary theory of reheating fails to reach a temperature high enough to produce baryon asymmetry in the grand unified theory (GUT) when the reheating ends [2, 3] . It is worthy of noting that in addition to the GUT baryogenesis, there are some other mechanisms, such as electroweak baryogenesis and leptogenesis, which occur at much lower energy scales (see [4] for recent review). Later, it was realized that at the first stage of reheating there exists an explosive particle production called preheating [5] [6] [7] . In the simple chaotic inflation model [8] with the potential m 2 φ 2 /2, the preheating requires a new scalar field χ which is coupled to the inflaton field φ through g 2 φ 2 χ 2 /2 [9] [10] [11] . The inflaton field rapidly decays to χ-particle by the g-resonance. In the model with a self-coupling inflaton potential λφ 4 /4, the fluctuation of the chaotic inflaton field was amplified by the parametric resonance and the inflaton field transforms into δφ-particle [12] . For the case of the λφ 4 /4 + g 2 φ 2 χ 2 /2 potential , the above two processes exist simultaneously and the value of the parameter g 2 /λ affects the structure of the resonance [13] .
Although the usual chaotic inflation model with the power-law potentials seems to have been disfavored by the observations from the Planck satellite [14] , a natural generalization of it that assumes a coupling between the scalar field and the curvature is still consistent with the observations [14] . The preheating process in the non-minimally coupled inflation models in the metric formalism has been discussed in [15] [16] [17] . When the inflaton potential is m 2 φ 2 /2, it has been found that the non-minimal coupling enhances the g-resonance in certain parameter regimes [15] . Once the potential is changed to λφ 4 /4, the non-minimal coupling modifies the structure of resonance and promotes the particle creation for the strong coupling [16] . Actually, the coupling between the kinetic term of the scalar field and the Einstein tensor is also allowed by observations [18, 19] . However, because of the non-periodic oscillation of the inflaton field, there is no parametric resonance in this case [20] .
It is well known that, in addition to the metric formalism, there is another choice called the Palatini formalism, where the metric tensor and the connection are both independent variables. In the Einstein theory of gravity, two different formalisms give the same field equations. Once the gravitational theory is modified, these two formalisms yield different field equations and lead to different physical outcomes [21, 22] . The inflation in the Palatini formalism has been investigated in [23] [24] [25] , and it has been found that scalar and tensor spectral indices and their ratio in different formalism show distinct results. In addition, in the usual metric formalism the non-minimally coupled Higgs inflation faces the problem of the unitarity violation, and the whole inflationary evolution is dependent on the unknown ultraviolet (UV) physics [26] [27] [28] [29] [30] . While, once the Palatini formalism is considered, the Higgs inflation with the non-minimal coupling is UV-safe and does not suffer from the problem which exists in the metric formalism [31] . Furthermore, Rasanen and Wahlman [32] found that the tensor-to-scalar ratio in the non-minimally coupled Higgs inflation can be consistently suppressed in the Palatini formalism compared to the one in the metric formalism.
So, the non-minimally coupled scalar field inflation in the Palatini formalism has been shown to exhibit interesting different features, even some advantages.
In this paper, we plan to carry out a further study on the inflationary dynamics with nonminimal couplings in both the Palatini and metric formalisms, and investigate the properties of the preheating in these formalisms, i.e., the similarities and differences. The remainder of this paper is organized as follows. Section II gives the basic field equations of the inflation model with non-minimal couplings.
In Section III, we analyze the inflationary dynamics.
We study the preheating process in Section IV. Finally, Section V presents the conclusions.
Throughout this paper, unless specified, we adopt the metric signature (−, +, +, +). Latin indices run from 0 to 3 and the Einstein convention is assumed for repeated indices.
II. BASIC EQUATIONS
We consider an inflation model with a non-minimal coupling between the scalar field and gravity described by the action:
where
P L with M P L being the Planck mass, g is the determinant of the metric tensor g µν and L φ is the Lagrangian of scalar field φ, which has the form
with V (φ) = 1 4 λφ 4 being the self-interacting potential and λ a constant.R is the curvature scalar, which, in the metric formalism, is determined only by the metric tensor g µν . Hence, R = R(g µν ). While, in the Palatini formalism, since the connection is also an independent variable, the curvature scalarR =R(g µν ,Γ α βγ ) is related to both the metric tensor g µν and the connectionΓ α βγ . Appendix A gives the basic equations of gravity in the Palatini formalism. In general, F is an arbitrary function of φ. In this paper, we consider the following special form:
where ξ is the coupling constant, which is constrained to be ξ 10 −3 [33] . The tiny value of ξ means an insignificant deviation from the minimal coupling if the coupling is positive.
Thus, the negative coupling (ξ ≤ 0) will be considered in the following.
Varying the action (1) with respect to the metric tensor gives the field equations (see Appendix A for detail):
where G µν is the Einstein tensor, and σ = 1 and 0 correspond to the Palatini formalism and the metric one, respectively. The inflaton field satisfies the modified Klein-Gordon equation
where is defined as ≡ ∇ µ ∇ µ and V ,φ = dV /dφ. From Eq. (A7), one can see that the hatted curvature scalarR can be expressed aŝ
or
by using Eqs. (4) and (6) and R = −g µν G µν .
To investigate the amplification of the fluctuations of the inflaton field by the parameter resonance in the metric and Palatini formalisms, we consider the spatially flat FriedmannRobertson-Walker metric:
where t is the cosmic time and a(t) is the scale factor. Since the results have no significant difference whether the backreaction of metric perturbations is included [34] , we only consider the perturbations of the scalar field. Thus, the inflaton field φ consists of the homogeneous and fluctuant parts:
For the fluctuation, we impose the tadpole condition
where · · · represents the expectation value, and make use of the Hartree factorization:
Then the Friedmann equation with the backreaction of the fluctuation is acquired via taking the mean field approximation in the 00 component of Eq. (4):
where α ≡ ξκ 2 φ 2 , H =ȧ/a is the Hubble parameter, and a dot and a prime denote the derivative with respect to the cosmic time and the space coordinate, respectively.
Taking the mean field approximation of Eq. (5), we obtain that the inflation field and its perturbation obeyφ
respectively, where the hatted curvature scalarR has the form
Since the fluctuant part of the inflation field can be expanded as
where a k and a † k are the annihilation and creation operators respectively and k = |k|, from Eq. (15), we find that δφ k satisfies the following equation of motion:
with the expectation values of δφ 2 taking the form
Introducing the conformal time η ≡ a −1 dt and defining a new scalar field ϕ 0 ≡ aφ 0 and its perturbation δϕ ≡ aδφ, Eqs. (14) and (18) can be rewritten as
with
In the non-minimal coupling model, the ξRa 2 term affects not only the oscillation mode of the inflaton field but also the parametric resonance. Furthermore, the contributions of this term in the metric formalism are different from those in the Palatini formalism.
We choose the conformal vacuum as the initial state and the following initial conditions of the fluctuation
Before investigating the preheating process, we will study the evolution of the scale factor
in the inflationary period and analyze the dynamical behavior of the inflaton field.
III. THE INFLATIONARY DYNAMICS
In this Section, we investigate the dynamical property of the inflaton field with a nonminimal coupling. In the inflationary period, the fluctuation of the inflaton field can be neglected. Then, Eqs. (13) and (14) are simplified as
where α 0 = ξκ 2 φ 2 0 and Eq. (16) has been used in obtaining Eq. (26) . To obtain the inflation, one needs to define the slow-roll conditions:
, to see the effect of the non-minimal coupling, we take the strong negative coupling limit α 0 ≪ −1. Thus, in the inflationary era, Eqs. (25) and (26) reduce to
Using Eqs. (27) and (28), we obtain the expression of the e-fold number:
where the subscript I and F denote the values when the inflation starts and ends, respectively. Considering φ 0 (t F ) ≪ φ 0 (t I ), we arrive at the initial value of φ 0 field
In addition, combining Eqs. (27) and (28), we find the following relation:
which is easily integrated to give From Eq. (27) , it follows that the scale factor satisfies the differential equation:
Integrating the above equation gives
Apparently γ is a small quantity since N 60. At the beginning of inflation, the Universe evolves exponentially since the γ term is negligible. However, as time goes on, this γ term becomes significant and the expansion rate of the universe slows down. The value of γ is the same in different formalisms, but the value of H I in the Palatini formalism is about √ −6ξ times of that in the metric formalism, which means that in the strong coupling case the deceleration effect caused by the γ term will be greater in the Palatini formalism than in the metric formalism.
Now we want to determine the value of φ 0 (t F ), which corresponds to the initial value of reheating. For convenience, we change to the Einstein frame. The detailed calculation can be found in Appendix B. In the Einstein frame one can define the slow-roll parameter by using the potentialV (ψ) given in Eq. (B3)
When ǫ increases to unity, the inflation ends. Using Eqs. (B3)-(B5), the slow-roll parameter can be rewritten as
Setting ǫ = 1, we obtain the value of the scalar field φ 0 at the end of the inflation:
Tab. I shows the values of φ 0 (t F ) with different values of ξ in the metric and Palatini formalisms. With the increase of |ξ|, φ 0 (t F ) decreases in both formalisms. But for the same value of the coupling parameter, φ 0 (t F ) in the Palatini formalism is always larger than that in the metric one, which becomes more and more obvious with the increase of |ξ|.
In order to show clearly the characteristics of the non-minimally coupled inflation, we turn to the dynamics which is governed by Eqs. (25, 26) . A general result for an inflationary attractor is very hard to obtain. But, in the strong coupling limit: ξ ≪ −1, Eqs. (27) and (28) give rise to the inflationary attractors of the forṁ The red lines represent the inflationary attractors. It is easy to see that regardless of the initial conditions the Universe dominated by a non-minimally coupled scalar field will evolve into an inflation and then go into an oscillating era, which represents the reheating phase.
Comparing the left and right panels shows the apparent differences between the metric and the Palatini formalisms. One can find that the evolution of the inflaton field in the Palatini formalism deviates from the slow-roll line with a value of φ 0 much larger than that in the metric formalism. This is because the former has a value of H I as given in Eq. (35) larger than the latter. After the inflation, the inflaton field rolls down along the potential with the increasing velocity in the metric formalism but the velocity is decreasing in the Palatini formalism. After the inflaton field rolls through the point of φ 0 = 0, the value ofφ increases in the Palatini formalism, while it decreases in the metric formalism. When the scalar field evolves through its minimum and maximum, the change of the velocity of the inflaton field in the metric formalism is more violent than that in the Palatini formalism. Therefore, the oscillation of the inflaton filed in different formalisms shows distinctive features, which leads to a different preheating process as will be studied in the next section.
IV. PREHEATING
From the above section, one can see that after the inflation the scalar field evolves into an oscillating era, in which the energy of the scalar field transforms into some light particles and our Universe is reheated. The first stage of reheating is called preheating, which corresponds to the generation of particles due to the parameter resonance.
Setting t i to be the beginning time of preheating, one can assume reasonably t i = t F with t F being the finishing time of inflation, so that the value of the scalar field at the beginning of preheating is φ 0 (t i ) = φ 0 (t F ), where φ 0 (t F ) is given in Eq. (38). After introducing a (20) and (21) can be re-expressed as
, which has the form
at the stage before the inflaton quanta grow significantly. Hereφ 0 ≡ φ 0 /M P L and Eqs. (26) has been used. In order to analyze the effect of the non-minimal coupling on the growth of inflaton quanta, we introduce two frequencies, according to Eq. (41),
For the case of a very weak coupling, i.e. −0.1 ξ < 0, the effect of the non-minimal coupling is negligible. The evolutions of ω 1 and ω 2 in both formalisms are almost the same as what were obtained in the minimally coupled case [13, 16] .
When the coupling becomes very strong, i.e. ξ −100, we can take the limit of strong coupling. Assuming that at the initial stage of preheating the amplitude of the oscillating scalar field is not very small, we have ξ ≫ ξα ≫ 1, which means that Eq. (42) can be simplified to be
in the metric formalism and
in the Palatini formalism. Then, using Eq. (42) one can obtain
in the Palatini formalism. Thus, in the metric formalism the perturbation term
dx 2 is magnified 6|ξ| times, suggesting that the decrease of ω 2 is lower than ω 1 with the increase of |ξ|. In the Palatini formalism, the ξa 2R term is also amplified with the increase of |ξ| but it is much less than that in the metric formalism. The maximal values δφ 2 f , the oscillation amplitude of the inflaton fieldφ 0 (x f ), and the ratio of them ( δφ 2 f /φ 2 0 (x f )) in the metric and Palatini formalisms for different ξ. In Figs. 2, 3, and 4 , the evolutions of ω 1 and ω 2 with x are plotted with three different values of ξ: ξ = −1, −50 and −200. We find that the oscillating period of the scalar field increases with the increase of |ξ|, and for a given ξ , it is shorter in the Palatini formalism than in the metric formalism, which is a result of the fact, as is shown in Tab. (I) , that the values of φ 0 (t i ) at the beginning of the preheating decrease with the increasing of |ξ| and this decrease is faster in metric formalism than in the Palatini one. Furthermore, one can see that in the Palatini formalism the amplitude of ω 1 is always larger than that of ω 2 although the decrease of ω 2 is slightly lower than that of ω 1 with the increase of |ξ|. While in the metric formalism with the increase of |ξ| the amplitude of ω 2 will become larger than that of ω 1 at the initial stage of preheating since the significant magnification on ω 2 arises from the non-minimal coupling, and the domination duration of the ω 2 term becomes longer with a larger |ξ|. Thus, the structure of resonances is similar to the ξ = 0 case in the Palatini formalism. However, the structure changes with the increase of |ξ| in the metric formalism .
To show the changes of the structure of resonance for different values of ξ, we plot Fig. 5 to give the resonance bands. With the increase of |ξ|, the resonance band in both formalisms moves towards k = 0 and it moves faster in the metric formalism. In the Palatini formalism, the resonance band is always narrow. However, in the metric formalism, the resonance band becomes broad for a large ξ, and two effective resonance bands appear when ξ = −50. For the strong coupling, i.e. ξ −100, the enhanced momentum modes in the metric formalism are mainly low momentum modes.
The evolutions of δφ 2 with λ = 10 −12 given by the COBE data are shown in Fig. 6 .
Apparently, the inflaton quanta do not grow forever and the growth will be terminated due f ) are almost the same as that in the ξ = 0 case, which can also be seen from Tab. (II). For the metric formalism, since ω 2 will play a dominating role during the whole preheating with the increase of |ξ|, the duration of the parameter resonance era does not increase forever with the increase of |ξ| and the numerical calculation shows that it has a maximum at about ξ ≃ −70, if −250 < ξ < 0. In addition, one can see that several short plateau appear in the evolution of δφ 2 when ξ = −50, which arises from two effective resonance bands.
Tab. (II) and Fig. 6 show that the variation of δφ 2 f is dramatical in the metric formalism, which is different from that in the Palatini one. In order to reveal the characteristics of δφ 2 f with the increase of |ξ|, we plot δφ 2 f as a function of |ξ| in Fig. 7 . We find that in the Palatini formalism the final value of δφ 2 is almost a constant within −1000 ξ < 0.
While in the metric formalism δφ 2 f decreases firstly with the increase of |ξ|, and then reaches a minimum when ξ is about −70. After that, δφ 
V. CONCLUSION
In this paper, we have studied the dynamics and preheating in a model with a nonminimally coupled inflaton field in the metric and Palatini formalisms. We find that irrespective of the initial conditions our Universe will evolve into a slow-roll inflationary era in both formalisms. However, the evolution of the scalar field in the Palatini formalism deviates from the slow-roll line with a value of φ 0 much larger than that in the metric formalism. For the same the coupling parameter, the value of the scalar field at the end of inflation in the Palatini formalism is always larger than that in the metric one, which becomes more and more obvious with the increase of |ξ|. After inflation, the scalar field rolls into an oscillating phase. But, the oscillations in different formalisms show distinctive features.
During the preheating, we find that the inflaton quanta are produced explosively due to the parameter resonance and the growth of inflaton quanta will be terminated by the backreaction. In the case of a weak coupling, the resonance bands are narrow in both formalisms. With the increase of |ξ| the resonance bands gradually close to the zero momentum (k = 0), and the structure of resonance changes and becomes broader and broader in the metric formalism, while, it remains to be narrow in the Palatini formalism. Owing to this effect, when −1000 ξ < 0, the final value of δφ 2 in the Palatini formalism does not vary significantly, and is almost the same as that in the ξ = 0 case. However, in the metric formalism, when −70 ξ < 0, the final value of the fluctuation is less than that in the Palatini formalism and reaches a minimum when ξ is about −70. Then, δφ 2 f increases fast and becomes larger than that in the Palatini formalism. It reaches its maximum at about ξ = −120, and then decreases slowly. In addition, we find that the transfer of the energy from the φ 0 field to the fluctuation is more and more efficient with the increase of |ξ|, and in the metric formalism the growth of the efficiency of energy transfer is much faster than that in the Palatini formalism. In conclusion, although our Universe dominated by a non-minimally coupled scalar field with a self-interacting potential is sure to evolve into an inflation era and then roll into a preheating phase in both formalisms, the inflation and preheating processes show different characteristics in different formalisms.
It is well known that preheating typically results in inhomogeneous configurations of the scalar field and then leads to the production of a stochastic background of gravitational waves [35] , which depends on the resonance structure. So, we expect that the differences of the non-minimally coupled inflation in different formalisms may imprint on the gravitational waves generated during preheating. We would be in principle able of differentiating the two different formalisms if such a stochastic background of gravitational waves could be detected by future high-frequency gravitational wave detectors. The generation of gravitational waves during preheating in the two formalisms is an interesting topic which is currently under our investigation.
